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The terms "spontaneous combustion", "spontaneous ignition" and "autoignition" are often used interchangeably to describe the onset of burning when there is no external ignition source ("pilot") present.  "Autoignition" (and, less commonly, "spontaneous ignition") is associated with the "self-ignition" of flammable gas/air mixtures at high temperatures (Paper 2, Tables 1 and 4).  The onset of flaming at a solid surface exposed to high levels of heating is commonly referred to as "spontaneous ignition", which is the phenomenon illustrated in Paper 2, Figure 4. Although "spontaneous combustion" can also be used to describe such events, of the three terms, this is the one most frequently associated with the onset of smouldering combustion within bulk solids.

Although these systems are physically very different, they share a common mechanism by which self-sustaining combustion develops, viz. runaway self-heating.

1.   Mechanism

Whenever a combustible material and oxygen are in contact, an oxidation reaction occurs and heat is released.  The same comment can be made for any fuel/air mixture.  At normal ambient temperatures, the reaction is so slow that it can be completely neglected.  However, if the temperature (T) is increased, the rate of reaction increases exponentially, i.e.
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where:

- cf and c0 are the concentrations of fuel and oxygen respectively



- A is the pre-exponential factor



- E is the activation energy for the reaction



- R is the ideal gas constant



(see also the appended list of symbol)

The form of equation 1 indicates a doubling of the rate for each 10 degrees C rise in temperature, and is shown typically in Figure 1.

If heat is released by oxidation f aster that it can be removed by one (or more) of the heat transfer mechanisms, the temperature of the system will increase naturally this is the process of self -heating.  The rate of heat loss also increases with temperature: if it does so more rapidly than the rate of heat release, then a stable state of equilibrium can be reached in which the rate of heat loss is equal to the rate of heat production.  This is shown schematically in Figure 1, in which it is assumed that the rate of heat loss is determined by the temperature difference between the reacting
system
and the surroundings, i.e.


Rate of heat loss = L = h.As.(T – Ta)



2.

where T and T. are the temperatures of the reacting system and the surroundings, respectively, h is the heat transfer coëfficiënt and A. is the surface area through which heat -is being lost.  The rate of heat release is then given by:


Rate of heat release = Q = H.V.cf.co.A.[-E/RT] 


3.

where H is the effective heat of combustion and V is the volume in which the reaction is taking place.

When Q is greater than L, the temperature will rise, This is shown in Figure 2 for a system initially at temperature Ta1: because Q > L1, the system self-heats until it reaches a temperature Tp1, at which point Q = L1, and a condition of stable equilibrium is achieved.  If somehow the temperature of the system is raised just above Tp1, then L1 > Q, heat will be lost and the system will cool to Tp1.  If the temperature is pushed beyond the intersection P2 then Q once again becomes greater than L1 and the temperature will rise uncontrollably, leading to ignition (cf. the high temperature intersection).  However, this requires an external source ("pilot") to provide the energy necessary to raise the temperature to above Tp2.

A stable intersection at a low temperature (e.g. at Pi) is not always possible.  If the ambient temperature is raised to Ta2 (Figure 2) , it can be seen that there is only a single high temperature intersection of Q and L2, indicating spontaneous heating to ignition.

Increase in the ambient temperature is not the only way in which spontaneous combustion can be brought about.  If the rate of heat loss from the system is reduced sufficiently by reducing either h (the heat transfer coefficient) or As then according to Equation 2, L will be reduced.  The line L3 illustrates this situation in which no low temperature stability is possible (Q > L3) and combustion develops spontaneously.  In practical terms, this means either (a) the reacting system has been insulated in some way, or (b) the surf ace area has been reduced, e. g. by forming one large mass from a number of smaller masses.

2.   Assessing the Risk

For spontaneous combustion to occur in bulk solids, there are two criteria, viz. (i) the solid must be porous and (ii) it must give rise to a rigid char when heated.  The significance of these requirements is simply that air must be able to diffuse throughout the mass to provide oxygen for the initial self-heating and the subsequent combustion.. The latter takes the form of smouldering, which in turn will only be self-sustaining if a rigid (or semi-rigid) char is formed.

Despite this latter requirement, it is possible for combustible liquids and thermoplastic materials to undergo spontaneous combustion if they are absorbed on to or blended with a rigid substrate.  This may be inert - such as mineral wool used for insulation purposes - or a combustible solid which chars on heating - such as cotton.

In the textile industry, spontaneous combustion of baled materials used to be a serious problem.  By the end of last century, the cause had been tracked down to the oils which were used to lubricate the fibres to improve their handling characteristics during processing.  A simple test was devised to identify those oils which presented a significant hazard [2]: this involved soaking a prescribed quantity of cotton wool with a specified amount of the oil and heating to 100°C for 2 hours.  The oil was considered unsuitable if during that time the temperature at the centre of the mass reached 200°C.

This was very specific to the problem in- hand and has a number of pitfalls: for example, an anti-oxidant in the oil could delay the self-heating process sufficiently to allow a hazardous oil to pass the test.  It cannot be applied to any other spontaneous combustion system.  A more general method for identifying - and quantifying - the hazard had to await significant developments in the theory of spontaneous heating.  The mechanism described in the previous section describes the underlying principles, but is simplistic as it tacitly assumes a uniform temperature, which is impossible for systems involving combustible solids.  Frank-Kamenetski [3] first developed the model in which heat losses from the mass are controlled by conductive losses through the material itself, thus giving a situation in which the temperature is greatest at the centre (in an "ideal" system), and falling towards the edges where it is close to ambient (T).  An idealised temperature profile through this type of spontaneously heating system is shown in Figure 3. Frank-Kamenetskil’s model predicts mathematically the existence of a critical ambient temperature above which the mass of material (of defined geometry) will self-heat to ignition.

The model can be used to predict the conditions for the spontaneous combustion of a large mass of materials from results of laboratory experiments on relatively small samples of the same material.  The results are extrapolated on the basis of the model to give an estimate of the critical temperature for the large mass.  The procedure involves determining the critical temperatures of a number of different sizes of sample (e.g. cubes with sides ranging from 5cm to 30cm or more) by a process of "bracketing", as illustrated in Figure 4. The F-K model relates the size of the sample to the critical temperature of that sample: the maths (reference 1) may be reduced to:-
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4.

where M and N
are constants relating to he properties of the material, Tc is the critical temperature, r is the characteristic dimension of the sample (radius of a sphere, half side of a
cube, etc) and c is a constant, those value depends on the shape of the sample (Table 1).  Plotting the data in the form ln (2 .T2 /r2) vs 1/Tc should give a straight line, as shown in figure 5 [4].  Typically, data from samples with linear dimensions up to 50cm can be used to estimate the critical temperature for layers 3m deep.

3.   Other Self-Heating mechanisms

Other self-heating mechanisms may be encountered in addition to combustion: these include biological heating and exothermic chemical decomposition.

Heating as a result of biological activity arises. if a material of vegetable origin is invaded by bacteria or moulds.  The phenomenon is known to occur in stacks of hay and large piles of other animals feeds.  If the moisture content is high enough for the organisms to become established, heat will be generated as a result of respiration and growth, and the temperature will rise.  Generally, this results in spoilage and financial loss long before there is any risk of fire, so that protecting the stock from such deterioration also protects from fire, as a matter of course.  Invasion by micro-organisms can be prevented by maintaining a low moisture content (certainly less than 12%), and thereby the risk of self-heating may be virtually eliminated.  In hay, the bacteria responsible for the rise of temperature can survive at temperatures as high as 70*C, beyond which they quickly die off.  However, this temperature is sufficiently high to promote other exothermic chemical processes which under suitable conditions will lead to active combustion.  Unfortunately, biological heating is as yet poorly understood and it is not possible to apply the F-K model, or any other model, to predict the conditions under which spontaneous combustion may develop.

Self-heating of reactive compounds is a recognised hazard in many industries, and is of particular concern in the shipping of such compounds.  These are chemical species which are intrinsically unstable and decompose with the release of heat, sometimes explosively.  Their behaviour can be described using the F-K model. - or a modification to take account of packaging for example - and the relationship between sample size and critical temperature defined.  This type of self ignition arises either due to carelessness in handling or packaging of a material which is known to be hazardous, or because the hazardous nature of the material has not been identified: it is not discussed further here.

4.   Occurrence of Spontaneous Fires

Once the principles governing spontaneous combustion are understood, it is possible to suggest circumstances under which we may expect fires arising from this cause to occur.  Laboratory experiments may be carried out to test the validity of such suggestions, although it may only be necessary to refer to the literature to establish whether or not a particular material has a known history of selfignition (Table 2) [5].

Bulk Storage

In sufficiently large quantities, even relatively innocuous materials can self-heat to ignition at temperatures at or close to normal ambient.  The process is extremely slow and the temperature rise in the early stages is small so that the problem may remain undetected until it is too late, and active combustion has commenced.  For example, 'it is-well known that fires occur in stocks of coal unless the stocks are arranged in such a way as to avoid significant selfheating [1].

Hot Material

If material is processed -hot and in such a way that accumulations may build up and remain undisturbed, there is a possibility that self-ignition may occur.  Such instances often arise in industrial driers where layers of the order of a centimetre or so thick may be sufficient to cause problems.  Hot material which is deposited in bulk storage bins or is bagged before being allowed to cool may subsequently behave in either one of two ways: either the material will cool to room temperature, or else it will start to self-heat and may ignite (1].  Once gain, the dividing line between the two types of behaviour is determined not only by the temperature of the material, but also by the size of the bin, or bag, or stack of bags.

Biological Heating

As stated above, this type of problem tends to arise in large stacks of moist material of vegetable origin. Moisture levels are usually controlled to avoid spoilage and problems arise when the material becomes Wet accidentally.  This can- occur simply as a result of leakage in a warehouse.  More difficult to spot are the large amounts of moisture which may condense out when relatively warm material from hot climates is shipped and stored in the colder British climate.

Reactive Material

of particular note are those fires which arise in small accumulations of material at normal ambient temperatures: these tend to be very dangerous.  They are generally caused by a relatively small group of reactive materials which can self-ignite or cause spontaneous ignition under unexpected circumstances.  This class of materials includes varnishes and oils of animal and vegetable origin.  Such liquids are perfectly safe if stored in a bottle or drum where the surface area for the action of oxygen is small.  Problems arise when the material is dispersed either accidentally or deliberately.  For example, rags which are used to mop up an oil spillage allow a very large surface area to be exposed to the air: if these rags are subsequently piled in a bin, the resulting thermal insulation can be quite sufficient for self -ignition to occur.  For reasons such as these, it is recommended that tanks containing vegetable oils should never be insulated using porous lagging.  Similar problems have been known to arise in bins with sandings from recently varnished or painted surfaces.

Residues of liquid such as oils and soaps can give rise to fires even after the impregnated cloth has been washed.  Spontaneous fires in laundries are not uncommon, and the cause has sometimes been traced to contaminated material where the residue has not entirely been removed by the washing process.  If the material is subsequently tumbledried and placed hot in a trolley or bin, self -ignition may arise after a period of hours.  Fires in laundries have also been attributed to the tumble-drying of some synthetics, which again if piled hot can react sufficiently vigorously to cause self-ignition.

5.   Diagnosis

The evidence for spontaneous combustion will almost certainly be circumstantial.  Although it has been suggested occasionally that chemical means could be used to diagnose spontaneous combustion after the event, there is little evidence to support such claims.  However, there are four basic questions which can assist in deciding whether or not a particular fire was spontaneous in origin.

(a) Nature of Material

It must be established whether spontaneous combustion could occur in the material in question under the conditions which might have prevailed before the fire.  Study of the literature may reveal if the material is known to selfignite, and may give some indications of the relevant conditions.  In some cases, the material may have to be tested.  This could be done by attempting to simulate the conditions before the fire as closely as possible.  However, if the fire occurred in a large mass of material, or if the conditions are not known, this may not be possible.  Alternatively, the materials may be tested in a systematic way (6] and, using the available theory, predictions may be compared with conditions likely to have existed prior to the fire and an assessment of the chances of self-ignition made.

(b)  Process Changes

If a process has been carried out in a particular way for a long time, then it must be established why spontaneous ignition might suddenly have appeared.  Changes in operating procedure or unusual combinations of circumstances must be sought.  Often, it may be extremely difficult to track these things down, as plant operators, may well not see the relevance of many changes and these may be overlooked.  Changes which may prove to be significant are as follows:-

· higher operating temperatures 

· larger amounts of materials

· longer storage times, due to strikes, holdups, large orders, etc

· changes i n product formulation, e.g. catalysts, antioxidants, different supplier, etc.

· different housekeeping procedures 

· new startup/shutdown procedures

(c) Time to Ignition

Often it will be possible to bracket the time within which ignition must have occurred.  Whilst it is not possible to predict times to ignition with great accuracy, spontaneous ignition is a characteristically slow process.  For example, fairly close to critical conditions, the following times may be regarded as typical:-

-
layer of powder a few cm thick



accumulated on a hot surface



- a few hours


-
binful of rags soaked in



vegetable oil





- several hours


-
bag of hot materials placed in



cooler surroundings




- around a day


-
pallet load of bags of feed



stacked together




- days to weeks

-
silo of feed at ambient

temperature 



         

- weeks to months

This is not to say that any pallet load of bags of feed will self-ignite in a week, but if the material is a hazard we would expect to see ignition in about this period of time, and not in two hours nor in ten weeks (unless the ambient conditions changed significantly over that time).  It is sometimes possible to exclude the possibility of spontaneous ignition using considerations of this kind.

(d) Physical Evidence

This is the closest to direct evidence for spontaneous ignition that may be found.  Ignition starts within the bulk of the material, away from possible sources of surface ignition.  If evidence for this can be found - i.e-. burning at depth - then this represents a fairly strong case for assuming self-ignition, as long as the possibility of small buried ignition sources can be excluded.

Sometimes, a small smouldering source can remain buried in combustible material for very long periods of time without being evident at all at the surface.  Once combustion breaks through to the surface, it may appear to have arisen spontaneously.  However, if buried sources can reasonably be excluded, then evidence that combustion started within the material is probably evidence of self-ignition.  Note that the rate of propagation of smouldering at depth is very slow: to give one relevant example, Palmer (7] recorded that smouldering induced at the foot of a layer of mixed sawdust 0. 8 5cm deep took 10 days to reach the surface.

6.    Summary

Spontaneous ignition arises in a body of material when heat generated within the material cannot be dissipated at a sufficiently high rate to the surroundings.  As a result, the occurrence of spontaneous ignition does not depend solely on the nature of the material involved, but also on the local temperature together with the size and shape of the body.  Because of the relatively high temperatures and/or large accumulations required for self-ignition, the problem is generally an industrial one.  However, there are some materials, in particular vegetable oils, varnishes and paints, which can give rise to spontaneous fires in quite small quantities at room temperature.  Such fires can occur in the domestic situation.

The likelihood of spontaneous ignition occurring in a given situation can often be assessed by testing the material involved.  Such as assessment is not possible when the problem involves biological heating.
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List of Symbols.
A Pre-exponential factor in the rate expression
Ag Surface area through which heat is lost.
E Activation energy.
c Concentration.
h Heat transfer coefficient.
L Rate of heat Icss.
M Constant in Equation 4.
N Constant in Equation 4 (equal to E/R).
Q Rate of heat release.
r Linear dimension.
R Ideal gas constant.
t Time
T Temperature
v Volume
Greek symbols.
AH Heat of combustion.
¢ Critical value of Frank-Kamenetski's §.
Subscripts.
a Ambient.
c Cntical value
f Fuel
0 Oxygen
) Referring to a specific point in Figure 2.

Table 1. Critical values of Frank-Kamenetski's 8. .

Slab, thickness 2r,

Cylinder, radius r,

Sphere, radius g
Cube, side 2r,
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11.

Some materials subject to spontaneous heating.
(From the Fire Protection Handbook, 15th Edition

(National Fire Protection Association, Quincy, Mass.))

Name Tendency to Usual Precautions against Remarks
spontaneous shipping spontaneous heating
heating container or
storage
method

Charcoal High Buik, bags Keep dry. Supply ventilation. Hardwood charcoal must be
carefully prepared and aged.
Avoid wetting and subsequent
drying.

Distillers’ dried grains Moderate Bulk Maintain moisture 7-10 per Very dangerous if moisture

with oil content cent. Cool below 38°C before  content is 5 per cent or lower.

(brewing grains) storage.

Fish meal High Bags. bulk Kcep moisture 6-12 percent.  Dangerous if overdried or

Avoid exposure to heat. packaged over 38 °C.
Foam rubber in Moderate Where possible remove foam  Foam rubber may continue to
consumer products rubber pads, etc. from heat spontaneousiy after being
garments to be dried in dryers  subjected to forced drying as in
or over heaters. [f garments home or commercial dryers and
containing foam rubber parts  after contact with heating pads
have been artificially dried, and other heat sources. Natural
they should be thoroughiy drying does not cause
cooled before being piled, spontaneous heating.
bundled or put away. Keep
heating pads. hair dryers,
other heat sources from
contact with foam rubber
pillows, etc.

Grain (various kinds)  Very slight Bulk. bags Avoid moisture extremes. Ground grains may heat if wet

’ and warm.

Hay Moderate Bulk, bags Keep dry and cool. - Wet or improperly cured hay is
almost certain to heat in hot
weather. Baled hay seidom
heats dangerously.

Linseed oil High Tank cars, drums, Avoid contact of leakage Rags or fabric impregnated with

cans, glass from containers with rags, this oil are extremely
cotton or other fibrous dangerous. Avoid piles, etc.
combustible materials. Store in closed containers.
preferably metal.
Manure Moderate Bulk Avoid extremes of low or high  Avoid storing or loading
moisture contents. Ventilate  uncooled manures.
the piles.

Qiled rags High Bales Avoid storing in bulk in open. Dangerous if wet with drying
oil.

Rags Variable Bales Avoid contamination with Tendency depends on previous

drying oils. Avoid charring. use of rags. Partially burned or

Keep cool and dry. charred rags are dangerous.
Sawdust Possible Bulk Avoid contact with drying oils. Partiaily burned or charred

Avoid hot, humid storage. sawdust may be dangerous.
Wool wastes Moderate Bulk. bales. etc.  Keep cool and ventilated or Most wool wastes contain otl,

store in closed containers.
Avoid high moisture.

etc. from the weaving and
spinning and are liable to heatin
storage. Wet wool wastes are
very liabie to spontaneous
heating and possible ignition.
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Figure 1. Variation of the exponential term exp[-E/RT] with
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cubes of ground grain. 1Ignition occurred after 5 h at Ta
= 191°C, but there was no ignition at T; = 189°C. Thus,
Ta,c = 190°C. (Curves displaced for clarity.)

Figure 5. Correlation of
spontaneous ignition data for
wood fibre insulation board,
according to Equation 4

(Thomas and Bowes, 1961). A,
Mitchell, 1951; O (cube) and O
(slab), Thomas and Bowes, 1961).
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